Background: In recent years, the relationship between thyroid stimulating hormone (TSH) and obesity has been widely discussed. However, it is unclear how thyroid hormone concentrations relate to body weight and its impact on metabolic risk markers. This study aimed to assess how thyroid function is linked to underweight, overweight, or obesity, and metabolic risk markers in adults. Methods: A total of 16,975 subjects, aged 18-80 years, who attended the Health Management Center of Tongji Hospital, Wuhan, China were enrolled in this study. Anthropometric and laboratory data were collected and analyzed. Results: Serum free triiodothyronine (fT3) and fT3/free thyroxine (fT4) ratio (fT3/fT4) were positively associated with body mass index (BMI) (P < 0.001), while there was a negative relationship between fT4 and BMI (P < 0.001) according to multivariable regression analysis adjusted for age and sex. Associations between thyroid hormone concentrations and markers of blood pressure, and lipid and glucose metabolism were identified after adjustment for age, sex, and BMI, with TSH being negatively associated with fasting blood glucose (FBG). fT3 was positively associated with systolic blood pressure and low-density lipoprotein-cholesterol, while fT4 was positively associated with diastolic blood pressure, FBG, and high-density lipoprotein-cholesterol (HDL-C), and negatively associated with hemoglobin A1c (HbA1c) and triglyceride. Finally, fT3/fT4 was positively associated with HbA1c and triglyceride, and negatively associated with HDL-C. Conclusions: Overweight or obese participants had a high serum concentration of fT3, high fT3/fT4 ratio, and a low concentration of fT4. Underweight participants had high concentrations of fT4 and low concentrations of fT3. Thus, relationships between thyroid hormones and metabolic risk markers were identified which suggest that thyroid function might be one factor that influences body weight and the co-morbidities of obesity.
Background
Thyroid hormones play an important role in regulating thermogenesis, and glucose and lipid metabolism, which make them a key factor regulating mammalian dynamic energy balance [1] . The effects of hypo-or hyperthyroidism on body weight were observed a long time ago. The low thyroid hormone concentrations that characterize hypothyroidism are associated with lower energy expenditure [2] and fluid retention [3] , whereas hyperthyroidism is often associated with an increase in energy expenditure and weight loss. However, the relationship between thyroid function within the normal range and body weight has not been fully characterized.
Twenty percent of severely obese people have subclinical hypothyroidism [4] , which is defined by the presence of a high concentration of thyroid stimulating hormone (TSH), but a normal concentration of thyroxin (T4) or free thyroxin (fT4) [5] . Some scholars have attempted to attribute obesity to subclinical hypothyroidism [6] . However, studies have shown that in obese patients, in addition to the high TSH concentration, there are also high concentrations of free triiodothyronine (fT3) [7, 8] and fT4 [7] , which contrasts with subclinical hypothyroidism, during which serum fT4 and fT3 concentrations are at the lower end of the normal range. This is inconsistent with subclinical hypothyroidism being a cause of obesity, and therefore the relationship between thyroid function and body weight requires further study.
Several studies have evaluated the relationship between obesity and thyroid function in euthyroid adults [9] [10] [11] [12] . Muscogiuri et al. [10] reported that obesity is positively associated with TSH concentration, while other researchers have found no association between adiposity and TSH [11, 12] , triiodothyronine (T3) [11, 12] , or fT4 [11] . In pediatric cohort studies, TSH concentration has been shown to be positively associated with body mass index (BMI) and fat mass [6, [13] [14] [15] . Jin et al. [6] reported a negative association between fT4 and BMI, but Lundback et al. [13] did not find any association between adiposity and fT3 or fT4. However, these studies were of relatively small samples, which may explain their contrasting conclusions. Therefore, larger scale investigations of the relationships between TSH secretion, fT3, and fT4 with body weight in the general population are required.
TSH concentrations within the normal range have previously been reported to be associated with metabolic risk factors in obese children [6, 13] and in adults [16] . Jin et al. [6] have shown that serum TSH is associated with lipid profile in obese children and adolescents, while Rahbar et al. [16] found no significant differences between a high-TSH and a low-TSH group with regard to serum triglyceride (TG), total cholesterol (TC), and high-density lipoprotein-cholesterol (HDL-C) concentrations in euthyroid adults. These disparities imply a lack of clarity in the literature with regard to whether TSH and thyroid hormones regulate metabolism in obese patients.
The purpose of this study was to elucidate the relationships between thyroid hormone concentrations within the normal range and body weight, including in overweight, obese, and underweight individuals, and metabolic status in the general population, using a large sample. The findings hence represent a snapshot of normal physiology and no causal relationship can be inferred.
Methods

Study participants
This was a cross-sectional study conducted between January 1st and December 31th, 2017, at the Health Management Center of Tongji Hospital, Wuhan, China. All the participants who underwent a health check during 2017 were screened for their eligibility to enroll in this study. They all underwent a routine medical examination, had anthropometric measurements made, and provided overnight fasting blood samples and information regarding their medical history, as part of the health check. We selected subjects 18-80 years, in whom thyroid hormone concentrations had been measured and were within the normal range. Participants who were being treated because of a thyroid disorder, or who were current users of drugs known to influence thyroid function, including lithium, amiodarone, estrogen, and corticosteroids, were excluded. In addition, participants with diabetes, cardiovascular disease, chronic lung disease, cancer, renal failure, autoimmune disease, inflammation, pregnancy, or other diseases that might affect thyroid hormone concentrations or metabolism were excluded. A flow diagram describing the selection strategy is shown as Fig. 1 .
After participants had been excluded on the basis of the criteria listed above, a total of 16,975 subjects were enrolled, and they provided written informed consent before participating. The study protocol was approved by the Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology.
Anthropometric measurements
The height and body mass of the participants were measured using a stadiometer, in the absence of a coat and shoes. BMI was calculated as body mass (kg) divided by the square of height (m [17] . Blood pressure was measured in the sitting position after 10 min of rest using an electronic sphygmomanometer (HBP-9020; Omron, Dalian, China).
Biochemical measurements
Blood samples were obtained after an overnight fast, and routine biochemical analyses (TSH, fT3, fT4, TC, TG, low-density lipoprotein-cholesterol [LDL-C], and HDL-C) were performed at accredited hospital laboratories. The reference ranges were: TSH 0.35-4.94 μIU/ml, fT3 1.71-3.71 pg/ml, fT4 0.7-1.48 ng/dl, TC < 5.8 mmol/L, TG < 1.70 mmol/L, HDL-C 1.04-1.55 mmol/L, and LDL-C < 3.37 mmol/L. Dyslipidemia was classified as previously [18] : hypercholesterolemia: total cholesterol ≥5.8 mmol/L; hypertriglyceridemia: triglyceride ≥1.70 mmol/L; mixed hyperlipidemia: total cholesterol ≥5.8 mmol/L and triglyceride ≥1.70 mmol/L; low HDL-C: high-density lipoprotein ≤1.04 mmol/L.
Statistical analysis
Data were processed and analyzed using IBM SPSS software version 22.0 (IBM Inc., Armonk, NY, USA). Continuous variables are expressed as mean ± standard deviation and were compared using Student's t test. The relationships between thyroid hormone concentrations and other parameters were evaluated using Pearson's correlation. Multiple linear regressions were used to assess the relationships between thyroid parameters and metabolic risk markers. Odds ratios (ORs) and 95% confidence intervals (CIs) for quartiles of thyroid parameters obtained from logistic regression models were used to predict the risk of overweight, obesity, and dyslipidemia, after adjustment for age and sex. All statistical tests were two-sided and P < 0.05 was considered to indicate statistical significance.
Results
Characteristics of the participants
A total of 16,975 euthyroid individuals of the 118,540 people attending the Health Management Center of Tongji Hospital were included in this study. Their mean age was 41.7 ± 10.5 years and 9523 (56.1%) were men. The participants were classified into four groups (underweight, normal weight, overweight, or obese). The baseline characteristics of the participants in each group are presented in Table 1 . Independent Student's t-tests showed there were significant differences between the normal weight group and other weight groups in most anthropometric and laboratory indexes. Of these, systolic blood pressure (SBP), diastolic blood pressure (DBP), fT3, fT3/fT4 ratio, fasting blood glucose (FBG), hemoglobin A1c (HbA1c), TG, TC, LDL-C, and homocysteine were higher in the higher weight groups, whereas fT4 and HDL-C were higher in the lower weight groups (Table 1) .
Relationships between thyroid parameters and metabolic indexes
According to Pearson correlation analysis, thyroid function indicators were not linearly correlated with most metabolic risk factors, given that these significant p values do not make the correlations clinically significant. Multivariable regression analysis, adjusted for age and sex, showed no significant correlations between TSH and BMI, but fT3 and fT3/fT4 were positively correlated with BMI, and fT4 was negatively correlated with BMI (all P < 0.001) ( Table 2 ). Higher SBP was associated with higher fT3 concentration (P = 0.004) and DBP was positively correlated with fT4 (P < 0.001). FBG was negatively associated with TSH (P = 0.006) and positively associated with fT4 (P < 0.001). Higher HbA1c concentration was associated with lower fT4 (P = 0.017) and higher fT3/fT4 (P = 0.002). Serum TG was positively associated with TSH and fT3/fT4, and negatively associated with fT4 (all P < 0.001). No significant association was observed between TC and TSH, fT3, fT4 or fT3/fT4. Higher LDL-C concentration was only associated with a higher concentration of fT3 (P = 0.009), and higher HDL-C was only associated with higher fT4 (P = 0.005). There was no relationship between serum homocysteine and TSH, fT3, fT4, or fT3/fT4.
Risks of underweight, overweight, obesity, or dyslipidemia
According to logistic regression analyses, quartiles 2 to 4 of fT4 serum concentration were associated with a higher risk of underweight than quartile 1 (ORs for quartiles 2-4 were 2.526, 2.499, and 1.770, respectively), after adjustment for age and sex. The higher quartiles of TSH (quartiles 2-3), fT3 (quartiles 3-4) and fT4 (quartiles 2-4) concentration were associated with a higher risk of overweight. In addition, the higher quartiles of TSH (quartiles 2-4) and fT3/fT4 (quartiles 2-4) were associated with a higher risk of obesity. ORs of 1.71 and 4.14 were obtained for the highest TSH and fT3/fT4 quartiles, respectively, when they were compared with the lowest quartiles for the prediction of obesity (Table 3) . Table 4 shows the thyroid parameters, divided into quartiles, in the presence of dyslipidemia. Dyslipidemia was classified as hypercholesterolemia, hypertriglyceridemia, mixed hyperlipidemia, or low HDL-C concentration, on the basis of the Chinese Guidelines on the Prevention and Treatment of Dyslipidemia in Adults [18] . The highest TSH quartile was associated with a higher risk of hypercholesterolemia (OR, 1.39; 95% CI, 1.07-1.81), hypertriglyceridemia (OR, 1.35; 95% CI, 1.11-1.63), and mixed hyperlipidemia (OR, 1.68; 95% CI, 1.19-2.36). The highest fT3 quartile predicted hypertriglyceridemia with an OR of 1.64 (95% CI, 1.10-2.46), the lower quartiles of fT4 were associated with a higher risk of hypertriglyceridemia and low HDL-C, and the higher quartiles of fT3/fT4 were associated with a higher risk of low HDL-C.
Discussion
It is well known that thyroid hormones regulate heat production; indeed about 30% of the heat generated to maintain body temperature is dependent on thyroid hormone action [19] . The relationship between body weight and the hypothalamic-pituitary-thyroid axis (HPT axis) is intriguing; for example, some researchers have found that small changes in thyroid function can cause significant changes in weight in overweight patients, who are often thought to be obese due to thyroid dysfunction [20, 21] .
Several studies have investigated the relationship between obesity and TSH in euthyroid children [6, 13] , finding that BMI is positively correlated with the serum concentration of TSH and negatively correlated with the serum concentration of fT4 after adjusting for age [6] , or ; Obese, BMI ≥ 28 kg/m2. The cut-offs for the quartiles of TSH were 1.226 μIU/ml, 1.687 μIU/ml, and 2.333 μIU/ml; for fT3 2.68 pg/ml, 2.87 pg/ml, and 3.07 pg/ml; for fT4 0.94 ng/dl, 1.01 ng/dl, and 1.09 ng/dl; and for fT3/fT4 2.58, 2.83, and 3.09 OR and 95% CI were calculated using logistic regression models and adjusted for age and sex. # p < 0.05 TSH thyroid stimulating hormone, fT3 free triiodothyronine, fT4 free thyroxine, HDL-C high-density lipoprotein cholesterol. Hypercholesterolemia, total cholesterol ≥5.8 mmol/L; hypertriglyceridemia, triglyceride ≥1.70 mmol/L; mixed hyperlipidemia, total cholesterol ≥5.8 mmol/L and triglyceride ≥1.70 mmol/L; low HDL-C, highdensity lipoprotein ≤1.04 mmol/L. The cut-offs for the quartiles of TSH were 1.226 μIU/ml, 1.687 μIU/ml, and 2.333 μIU/ml; for fT3 2.68 pg/ml, 2.87 pg/ml, and 3.07 pg/ml; for fT4 0.94 ng/dl, 1.01 ng/dl, and 1.09 ng/dl; and for fT3/fT4 2.58, 2.83, and 3.09 OR and 95% CI were calculated using logistic regression models and adjusted for age and sex. # p < 0.05 conversely no significant associations between fT3 or fT4 and BMI [13] . In addition, other pediatric studies found no association between fT4 and BMI [21] [22] [23] .
Because of these contradictory findings, we undertook the present study using a large sample of 16,975 patients as an adjunct to a comprehensive health examination using standard procedures. To better understanding the specific role of thyroid function in weight regulation, we compared indexes of thyroid function in underweight, normal, overweight and obese participants. In the present study, a high concentration of fT3 and a low concentration of fT4 were associated with a high risk of overweight. Furthermore, a high concentration of TSH and fT3/fT4 were associated with a higher risk of obesity, implying that the differences in the HPT axis in obesity do not purely represent an exacerbation of the differences present in overweight. In the underweight group, serum TSH concentration was similar to that of normal weight participants, but fT3 concentration and fT3/fT4 were lower, and fT4 was higher. In addition, patients in the first quartile of fT4 had a lower risk of being underweight than the other participants.
Leptin has been reported to be a key component of the complex physiologic regulation of the HPT axis [24] and serum leptin is associated with TSH concentration [25] . In obesity, the leptin concentration increases, and it crosses the blood-brain barrier to regulate the endocrine system through actions in the arcuate nucleus of the hypothalamus [26] . Leptin signaling has also been shown to be required for the maintenance of thyrotropin-releasing hormone (TRH) expression in the hypothalamic paraventricular nucleus [27] . Several epidemiologic studies have found a positive relationship between serum TSH and leptin concentrations in humans [25] . However, conversely, TSH receptors located on adipose cell membranes regulate adipocyte proliferation [28] , which may partly explain the association between high TSH concentration and a higher risk of overweight or obesity. Greater secretion of TRH and TSH from the hypothalamus and pituitary leads to the secretion of more thyroid hormone, which would have a compensatory effect to increase metabolism and energy consumption in the periphery. This increase in resting energy expenditure may represent an adaptive response to weight gain.
In addition, TSH increases deiodinase activity and therefore the preferential production of T3 in thyroid cell cultures [29, 30] . Recent studies have shown that at least within the normal range of thyroid function, TSH preferentially increases serum fT3 over fT4 [31] , which may at least partly explain the higher fT3 and fT3/fT4 alongside the higher TSH in the overweight and obese groups, in the absence of a similar difference in fT4.
Analysis of the relationships between underweight, and TSH and thyroid hormone concentrations showed no difference in the hypothalamic-pituitary axis (H-P axis) from the normal weight group, while thyroid hormone concentrations showed the opposite difference to that of the overweight or obese groups. TSH and fT3 showed a dependent change in the overweight or obese group, but not in the underweight group, implying that the differences in HPT axis activation in underweight are not just the reverse of those identified in overweight or obesity. However, the mechanism of the relationship between underweight and thyroid function requires further exploration.
It is well known that thyroid hormones can affect serum cholesterol concentration [32] . Here, we investigated the relationships between TSH and thyroid hormones, and serum lipid concentrations, and found that individuals in the higher quartiles of TSH concentration have higher risks of hypercholesterolemia, hypertriglyceridemia, and mixed hyperlipidemia, independent of the effect of BMI. fT3 concentration was positively linked with LDL-C concentration, the lower quartiles of fT4 were associated with hypertriglyceridemia and low serum HDL-C, and high fT3/fT4 was associated with a higher risk of low HDL-C concentration. Thus, TSH and thyroid hormones, even within the normal range of serum concentrations, can influence lipid metabolism. This reflects the sensitivity of blood lipids to minor changes in the activity of the HPT axis, but more research should be conducted to investigate the mechanism underlying the link between blood lipid and thyroid hormones.
Thyroid function is also associated with other metabolic/cardiovascular parameters, such as blood pressure and glucose metabolism. The results showed that SBP was positively correlated with fT3, and DBP was positively correlated with fT4. Previous study by Roos et al. [33] found a correlation between fT4 level and blood pressure and suggested that serum fT3 and fT4 are risk factors for cardiovascular disease rather than serum TSH. The effect of thyroid function on blood pressure is complex and the mechanism is not well understood. It is well known that thyroid diseases can affect cardiac output, peripheral vascular resistance, renal hemodynamics, sodium homeostasis, vascular endothelial function, reninangiotensin-aldosterone system and many other aspects. This study also found that FBG was negatively correlated with TSH and positively correlated with fT4, and high HbA1c was associated with low serum fT4 and high fT3/ fT4. Thyroid hormones are important determinants of glucose homeostasis. Relevant studies have shown that hypothyroidism and subclinical hypothyroidism can cause insulin resistance, and even high TSH in the normal range is positively correlated with insulin resistance [34, 35] .
The relationship between thyroid function and nonalcoholic fatty liver disease (NAFLD) has received extensive attention recently [36] [37] [38] . It has been reported that in the euthyroid population, fT3 and TSH concentrations are positively associated with the risk of NAFLD [37] , and Bril et al. found that low plasma fT4 is associated with a high prevalence of NAFLD [36] . Although we did not have access to data with which to fully assess the degree of risk of NAFLD, we recommend that physicians pay attention to thyroid function in overweight or obese people to prevent the adverse effects of dysregulation of the HPT on metabolism and the liver.
The present study had a number of strengths and weaknesses. We studied a large dataset, in which all the participants had undergone standardized anthropometric and biochemical measurements, thereby minimizing the effects of measurement error. However, we are unable to infer causality, because this was a retrospective crosssectional study. Furthermore, we were unable to account for a number of confounding factors, including smoking, alcohol, diet, and physical activity, information regarding which was not recorded at the health checks.
Conclusions
Compared with normal weight individuals, overweight individuals are more likely to have high serum concentrations of fT3 and low concentrations of fT4; obese individuals are more likely to have high concentrations of TSH and fT3/fT4; and underweight individuals are more likely to have high concentrations of fT4 and low concentrations of fT3. Relationships between thyroid parameters and metabolic risk factors were also observed, which suggest that thyroid function is one factor that influences body weight and the development of comorbidities of obesity. Further longitudinal studies are required to determine whether these are causal relationships, and more research is needed to determine whether interventions should be recommended to reduce the unfavorable effects of HPT axis dysregulation in obesity.
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